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PROCESS FOR THE PREPARATION OF INSERTION COMPOUNDS FOR 
AN ALKALI METAL, ACTIVE MATERIALS COMPRISING THEM AND 
DEVICES COMPRISING THESE ACTIVE MATERIALS 

5 DESCRIPTION 

The present invention relates to a process for the 
preparation of insertion compounds for an alkali metal 
ion, such as the lithium ion, most specifically of 
10 insertion compounds for an alkali metal ion with a 
polyanionic structure . 

The invention also relates to the insertion compounds, 
in particular lithium insertion compounds, thus 
15 obtained. 

The invention relates in addition to the active 
materials comprising the the the said insertion 
compounds, such as positive electrode active materials. 

20 

Finally, the invention relates to the devices 
comprising the the said compounds and/or active 
materials, such as, for example, electrochromic devices 
and batteries . 

25 

Lithium batteries are increasingly used as autonomous 
energy sources, in particular in portable devices, such 
as computers, telephones, personal assistants, 
camcorders, and the like, where they are tending to 
3 0 gradually replace nickel -cadmium (NiCd) and nickel - 
metal hydride (NiMH) batteries. This development 
results from the fact that the performance of lithium 
batteries in terms of energy density (Wh/kg, Wh/1) is 
far superior to that of the two types mentioned above. 

35 

The electrode active compounds used in these batteries 
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are mainly LiCo0 2 , LiNi0 2 and LiMn 2 0 4 for the positive 
electrode and carbon, such as graphite or coke, and the 
like, for the negative electrode. The theoretical and 
practical capacities of these compounds are 
5 respectively 275 mAh/g and 140 mAh/g for LiCo0 2 and 
LiNi0 2 and 148 mAh/g and 120 mAh/g for LiMn 2 0 4 , for an 
operating voltage with respect to the lithium metal of 
approximately 4 volts . 

10 The majority of battery systems currently available 
commercially thus use the LiCo0 2 /C pair but numerous 
problems of cost and of toxicity arise which are 
related to the element cobalt and problems of intrinsic 
safety of the system arise related to the instability 

15 and/or the reactivity of Lii_ x CO x 0 2 with respect to the 
electrolyte used. 

In the same way, nickel oxides present major 
difficulties, again due to their high toxicity. 

20 

Manganese oxides, for their part, and particularly the 
family with the spinel structure Lii +x Mn 2 - x 0 4 (0 < x < 
0.33), are able to demonstrate electrochemical 
performances comparable with those of cobalt and nickel 
25 oxides. It is also apparent that the greater natural 
abundance of manganese and the lower toxicity of its 
oxides in comparison with cobalt and nickel are an 
important advantage for their wide use in batteries. 

30 In the specific case of LiMn 2 0 4 , it is nevertheless 
established that its combined use with electrolytes 
formulated for operation in the vicinity of 4 volts 
with respect to lithium metal which comprise lithium 
hexaf luorophosphate results in a gradual dissolution of 

3 5 the manganese oxide and consequently in a shorter 
lifetime of the battery. 
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Two families of compounds used for electrochemical 
reactions are, on the one hand, the family isotypic 
with olivine and, on the other hand, the Nasicon 
family; it should be remembered that the name Nasicon 
5 means sodium (Na) superionic conductor and that this 
compound corresponds to the formula Na x M 2 X 3 Oi 2 . These two 
families are composed of equivalent elements and differ 
only in the polyanions number/ lithium number ratio and 
in their crystalline structure. This is because the 
10 family isotypic with olivine has an orthorhombic 
crystal unit cell and the family isotypic with Nasicon 
of formula A x M 2 X 3 Oi 2 has a rhombohedral unit cell. 

Materials with a structure isotypic with olivine with 
an orthorhombic crystal unit cell, such as Lii- x Fe x P0 4 , 
for example LiFeP0 4 (triphylite) , have the advantage of 
being potentially inexpensive and nontoxic. In the case 
of LiFeP0 4 , the insertion/extraction of lithium takes 
place according to a two-phase process at 3.45 V/Li + /Li, 
which renders this compound stable in virtually all 
organic solvents. Furthermore, it proves to be much 
more stable in the charged state ( u FeP0 4 ") in the 
presence of electrolyte than the oxides mentioned 
above, resulting in great operating safety in the 
batteries . 

However, the major problem with this family of 
compounds is their low electronic and ionic 
conductivities at ambient temperature. Thus, this 
30 limits the kinetics of insertion/removal of lithium 
within the host structure and the use of these 
compounds to relatively low charging/discharging rates. 

Furthermore, the compounds with the Nasicon structure, 
35 that is to say of formula A x M 2 (X0 4 ) 3 where A is an alkali 
metal, M is a transition metal and X represents Si, P, 
S, Mo or Ge, are also advantageous as positive 
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electrode active material, in particular by virtue of 
their high ionic conductivity for lithium ions. 
However, just like the compounds with an olivine 
structure, they are poor electronic conductors, which 
5 limits their use. 

In addition, due to their poor electrochemical 
kinetics, the compounds of the olivine family, such as 
LiFeP0 4 , cannot be used as active materials in an 
10 electrochromic device. 

Historically and in the literature , for example in the 
document by A. Yamada et al . , ''Optimized LiFeP0 4 for 
lithium battery cathodes'' , Journal of the 
Electrochemical Society, 148(3), A224-A229 (2001), and 
in the document by S . Yang et al . , "Hydrothermal 
synthesis of lithium iron phosphate cathodes" , 
Electrochemistry Communications, 3(2001), 505-508, the 
synthesis processes which make it possible, generally, 
to obtain the compounds of formula LiMX0 4 in which M 
represents a transition metal or a mixture of 
transition metals and X represents P, Si, S, Al, Ge or 
As, and the like, are processes using reactants 
exclusively in the solid state and involving high 
temperatures, namely generally greater than 600°C. 

There are numerous drawbacks to these processes, 
equally as regards the reactants used, the conditions 
under which they are employed and the products 
3 0 obtained. 

Thus, the reactants used in these synthesis processes, 
such as Li 2 C0 3 , (NH 4 )a(X0 4 )b and the M 2+ salts of the 
metal, have several disadvantages: they give off 
3 5 harmful gases, such as NO x and NH 3 , during their thermal 
decomposition and they require the use of an inert 
atmosphere, for example of argon or of nitrogen, in 
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particular when M = Fe , in order to retain the degree 
of oxidation (+11) , which places considerable 
restrictions on the handling thereof. 

5 The synthesis is lengthy (its duration can exceed 24 
hours) and is carried out under conditions which may be 
described as harsh, in particular with regard to the 
temperature, which is extremely high. In addition, 
toxic byproducts can be formed during the synthesis. 

10 

Finally, these processes, referred to as "all solid 
synthesis processes'', result in final products, for 
example LiFeP0 4/ in the form of particles with a 
morphology which is certainly not homogeneous, with 
15 regard to their shape and with regard to their size, as 
is shown in Figure 1, where LiFeP0 4 agglomerates are 
clearly visible. 

This heterogeneity in the morphology of the product 
20 means that its properties, as cathode material, are not 
good and that consequently the performances of the 
batteries in which these compounds are employed are not 
satisfactory. 

25 Furthermore, the compounds synthesized by the processes 
of the prior art are not of high purity and they often 
require an additional stage of purification before they 
are used, for example before they are incorporated into 
the positive electrode of a battery. 

30 

In particular in the case of LiFeP0 4 , the compounds 
obtained by the "all solid" synthesis route result in 
high contents of Fe 3+ harmful to the specific capacity 
of the material . 

35 

The non-homogeneity of the particles necessarily 
results in a dispersion in response of the particles, 
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which presents problems in managing the state of charge 
of the batteries. 

The presence of the impurity Fe 3+ is harmful to the 
5 capacity, since only Fe 2+ participates in the 
electrochemical reaction . 

A need thus exists for a process for the preparation of 
an insertion compound for an alkali metal which is 
10 simple, fast, safe, reliable, "clean" and inexpensive, 
which employs non- toxic starting materials and which 
does not generate very much in the way of byproducts 
and waste products which are possibly harmful. 

15 There also exists a need for a process for the 
preparation of insertion compounds for an alkali metal 
which gives final products of high purity and with a 
perfectly controlled and homogeneous morphology, which 
exhibit excellent properties of electrochemical 

20 kinetics and high electronic and ionic conductivities, 
and which can be used at high charging/discharging 
rates . 

In other words, there exists a need for an insertion 
25 compound for an alkali metal, such as lithium, which 
gives excellent results in terms of chemical reaction 
and which consequently has excellent properties as 
cathode material in a battery. 

3 0 These properties have to go hand in hand, in 
particular, with a low cost, a low toxicity and high 
stability in organic solvents and electrolytes, making 
possible the use of these insertion compounds over a 
long period of time and with high reliability in 

35 devices such as batteries and electrochromic devices. 

The aim of the present invention is to provide a 
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process for the preparation of an insertion compound 
for an alkali metal, such as lithium, which meets the 
requirements indicated above. 

5 The aim of the present invention is also to provide a 
process for the preparation of an insertion compound 
for an alkali metal , such as lithium, which does not 
exhibit the disadvantages, failings, limitations and 
inconveniences of the processes of the prior art and 
10 which solves the problems of the processes of the prior 
art . 

This aim and still others are achieved, in accordance 
with the invention, by a process for the preparation of 
an insertion compound for an alkali metal in which the 
following successive stages are carried out: 

a) an organic complex of a transition metal or of a 
mixture of transition metals M in an oxidation 
state of greater than 2 is brought into contact 
with an alkali metal A in the ionic form and with 
an entity of formula H b (X0 4 ), where X is chosen 
from Si, S, Al, P, Ge, As or Mo and b has a value 
from 0 to 5, in a liquid medium in a closed 
chamber; the chamber is brought to a temperature T 
which makes possible the decomposition of the 
organic complex in the the said liquid medium; 

b) the temperature and the pressure in the chamber 
are brought back to ambient temperature and 
atmospheric pressure and the insertion compound 
for an alkali metal of formula AMX0 4 , in which M is 
in the +2 oxidation state, is recovered. 

The process according to the invention comprises a 
specific sequence of specific stages. 

The process according to the invention is fundamentally 
different from the processes of the prior art, both as 
B 14218.3 PA 
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regards the nature of each of the stages and their 
sequence , 

In the process according to the invention, the 
5 synthesis is carried out in a liquid medium, whereas, 
in the processes of the prior art, the synthesis is 
carried out by bringing the solid reactants into 
contact . 

10 In addition, the process according to the invention 
employs an organic complex in which the metal is in a 
specific oxidation state of greater than II, for 
example equal to 3 (III) . 

15 The process according to the invention uses, for the 
synthesis, inexpensive starting materials which are 
readily available commercially. 

These reactants are not toxic. They do not give off 
20 harmful gases and, for this reason, it is not necessary 
to provide an inert argon or nitrogen atmosphere, with 
all the constraints which this imposes. 

This advantage, essentially related to the fact that, 
25 in the specific organic complex employed according to 
the invention, the metal M is already at a degree of 
oxidation preferably equal to III and not at a degree 
of oxidation of II, as in the prior art, is 
particularly demonstrated in the case where M = Fe. 

30 

According to the invention, the organic part of the 
complex, also referred to as precursor of M (for 
example, precursor of Fe) , decomposes under the effect 
of the temperature and releases highly reducing 
35 entities which will quantitatively convert all the 
metal M, initially at an oxidation state of greater 
than III, for example equal to III, to an oxidation 
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state equal to II; the metal in this state can then 
react with an alkali metal in the ionic form present in 
the chamber to give the final compound AMX0 4/ for 
example LiMX0 4 . 

5 

The process according to the invention is fast; by way 
of example, it generally lasts only from 2 to 3 hours, 
whereas the processes for synthesis by the solid route 
of the prior art generally last more than 24 hours. 

10 

The process according to the invention is a clean 
process which, in addition to the use of non-toxic 
starting materials, does not generate toxic byproducts. 

15 The process according to the invention gives a final 
product of high purity, greater than the purity of the 
materials of the prior art. For this reason, the 
compounds according to the invention do not require any 
additional purification stage before their use, for 

20 example before they are incorporated in the positive 
electrode material of a battery. 

The compound obtained exhibits, by virtue of its 
preparation process, a fully controlled morphology with 

25 regard to the size and with regard to the shape of the 
particles constituting it. The particles are preferably 
homogenous in shape and in size, in contrast to the 
particles prepared by the processes of the prior art, 
in particular by "all solid" synthesis, which are 

30 certainly not homogeneous, which are "non-homogeneous" . 

This control of the morphology, this homogeneity in the 
size and in the shape, result in excellent performances 
as regards the power, the stability and the safety for 
3 5 the batteries in which the compounds of the invention 
are incorporated. 
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The invention additionally relates to an insertion 
compound for an alkali metal of formula AM(X0 4 ) where A 
is chosen from alkali metals, X is chosen from Si, S, 
Al, P, Ge and Mo, and M is in the +2 oxidation state, 
5 characterized in that it exhibits a content of metal M 
at an oxidation state of greater than 2, for example of 
metal M(III), of less than 5% by weight, preferably of 
less than 1% by weight. 

10 The invention also relates to an electrode active 
material comprising the material according to the 
invention or prepared by the process according to the 
invention . 

15 The invention also relates to a positive electrode 
comprising the said active material, to the battery 
comprising the the said electrode and to an 
electrochromic device comprising the compound according 
to the invention or prepared by the process according 

2 0 to the invention. 

The invention will be better understood on reading the 
detailed description which will follow, given by way of 
illustration and without limitation, and made with 

2 5 reference to the appended drawings, in which: 

Figure 1 is a microphotograph, produced using a 
scanning electron microscope, of LiFeP0 4 particles 
prepared by an "all solid" synthesis process of 
the prior art at high temperature (600°C) ; 

3 0 - Figure 2 is a microphotograph, produced using a 

scanning electron microscope (SEM) , of LiFeP0 4 
particles prepared by the process according to the 
invention (Example 1) with linear cooling, by 
inertia of the reactor, of the reaction mixture. 
3 5 The line shown represents 20 (am; 

Figure 3 is a microphotograph, produced using a 
scanning electron microscope (SEM) , of LiFeP0 4 
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particles prepared by the process according to the 
invention (Example 1) with stepwise cooling of the 
reaction mixture. The line shown represents 20 jim. 

5 In a detailed way, the process according to the 
invention comprises, in an essential stage a) , bringing 
an organic complex of a transition metal or of a 
mixture of transition metals M in an oxidation state of 
greater than 2 into contact with an alkali metal A in 
10 the ionic form and with an entity H b (X0 4 ), where X is 
chosen from Si, S, Al, Ge, As and Mo, and b has a value 
from 0 to 5 , in a liquid medium in a closed chamber. 

The alkali metal A is advantageously chosen from Li and 
15 Na. It is preferably introduced in the form of an 
alkali metal salt of formula AaH b (X0 4 ), where a has a 
value from 1 to 5, for example 2. Preferably, X is P. A 
preferred alkali metal salt AaH b (X0 4 ) is Li 2 HP0 4 . 

20 The oxidation state of the metal M is advantageously 
from 3 to 5 . 

Preferably, the oxidation state of the metal M is equal 
to 3 (III) . 

25 

The metal M is advantageously chosen from transition 
metals, such as Mn, Fe, Ni, Co, and the like, and their 
mixtures . 

3 0 The term "organic complex" is understood to mean a 
compound in which the metal M is bonded, for example 
via a covalent, ionic or coordination bond, to at least 
one organic ligand. This organic complex is also 
referred to as precursor of the metal M. 

35 

Advantageously, according to the invention, the the 
said ligand is chosen from organic compounds of 
B 14218.3 PA 
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formula: 



Rr 



-N- 



R? 



that is to say, from organic compounds comprising a 

nitrile functional group. In the above formula, at 

least one from R x , R 2 and R 3 comprises at least one 
oxygen atom. 



Ri, R 2 and R 3 are chosen independently from carboxy- 
(l-4C)alkyl radicals, for example carboxymethyl , 
10 carboxyethyl , and the like. 



A preferred example of the the said ligand is 
nitrilotriacetic acid of formula N(CH 2 C0 2 H) 3 or 
ethylenedioxyethylenedinitriletetraacetic acid (known 
15 as EGTA) . 



20 



The the said organic complex is preferably prepared in 
a stage prior to stage a) by bringing a salt of the 
metal M, in the oxidation state of greater than 2, into 
contact with an organic compound in a liquid medium. 



The the said organic compound preferably corresponds to 
the formula: 



R 



-N- 



2 5 described above. 



The metal salt is advantageously a metal (III) salt and 
the said metal is preferably iron. The salt can be 
chosen from sulphates, nitrates, chlorides, acetates, 
3 0 citrates, carboxylates , and the like, of the metal M. 
B 14218.3 PA 
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It can advantageously be iron (III) sulphate. 

The operation in which the organic compound and the 
metal M salt are brought into contact is carried out in 
5 a liquid medium, after the fashion of stage a) of the 
process of the invention. For this reason, if the 
process according to the invention additionally 
comprises this preliminary stage of preparation of the 
organic complex, the entire process will still be 
10 carried out in a liquid medium with all the advantages 
presented by such a method of synthesis in comparison 
with the processes operating by the solid route. 

The liquid medium for the synthesis of the organic 
15 complex is chosen from water; organic solvents, such as 
liquid alkanes, for example dodecane, or tributyl 
phosphate (TPB) ; and their mixtures. 

The operation in which the metal salt and the organic 

2 0 compound are brought into contact is generally carried 
out at a temperature sufficient to produce the 
decomposition of the complex and the creation of 
reducing radicals . 

For example, an aqueous solution of the metal salt, for 
example of iron (III) sulphate, is brought to reflux for 
at least one hour in the presence of the compound, an 
organic agent carrying a nitrile functional group and 
comprising at least one oxygen atom, such as 
nitrilotriacetic acid . 

On conclusion of the reaction, the metal organic 
complex, for example metal (III) organic complex, 
generally obtained in the form of a precipitate, is 

3 5 recovered and is generally washed and dried. 

In stage a) , the organic complex, whether or not 
B 14218.3 PA 
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prepared during the optional preliminary stage 
described above, is brought into contact generally with 
an alkali metal salt, such as a lithium salt Li a H b .(X0 4 ) , 
for example Li 2 HP0 4 . 

5 

This contacting operation takes place in a liquid 
medium. The the said liquid medium is generally the 
same as that used for the optional preliminary stage of 
synthesis of the organic complex. 

10 

This contacting operation is carried out in a closed 
chamber, in a shut vessel, for example in a 
hermetically sealed reactor, or autoclave. 

15 Solvothermal conditions (hydrothermal conditions in the 
case where the solvent is water) are applied to the 
reaction medium, that is to say that the operating 
temperature is greater than the boiling point of the 
solvent. The temperature is a temperature which makes 

20 possible the decomposition of the complex in the liquid 
medium and, as a result of the chamber being closed, 
the pressure is not controlled and is deduced from the 
relationship PV = nRT. In the case where the medium is 
water, the pressure in the autoclave is set by the 

25 steam (P/T state diagram of water) and reaches the 
value of 20 bar at the set temperature of 200°C. 

The contacting operation generally takes place with 
stirring. 

30 

Heating is continued for a period of time of 1 to 10 
hours, during which the pressure and the temperature 
described above are maintained. At the end of this 
period, stirring and heating are halted and the 
35 temperature and the pressure in the chamber (the 
temperature of the mixture) are brought back to ambient 
temperature and atmospheric pressure . 
B 14218.3 PA 
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It should be noted that, advantageously according to 
the invention, the morphology of the final material 
obtained, that is to say its size and its shape, can be 
5 adjusted according to the cooling conditions: thus, 
slow cooling with a cooling rate, for example, of 0.5 
to 2°C/min will generally result in particles of final 
product with a size of 20 to 4 0 (am. 

10 Once the mixture (the reactor) has returned to ambient 
temperature and to atmospheric pressure, the chamber 
(the reactor) is opened and the final product, which is 
a solid and which is generally present in the form of 
particles, for example of a powder, generally 

15 precipitated at the bottom of the reactor, is 
recovered. 

Recovery is carried out, for example, by filtration or 
sedimentation . 

20 

The product recovered on conclusion of stage b) is 
subsequently generally washed, for example with 
deionized water, and then dried, optionally under 
vacuum, generally at a temperature of 80 to 150°C. 

25 

The final product, which is an insertion compound for 
an alkali metal, corresponds to the formula AMX0 4 , where 
A, M and X have already been defined above. The formula 
AMX0 4 is an overall formula which simply reflects the 

3 0 fact that this synthesis results in the formation of a 
mixed polyanionic compound of alkali metals and of 
transition metals. This compound with a polyanionic 
backbone belongs to the families of the phosphates, 
silicates, molybdenates , germanates, sulphates or their 

3 5 mixtures. 

The insertion compound for an alkali metal according to 
B 14218.3 PA 
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the invention is a product of high purity, in contrast 
to the similar products obtained by processes of the 
prior art. This purity is shown, for example, by the 
powder X-ray diffraction diagram, which exhibits no 
5 subsidiary peak, whatever the method of cooling used. 

This purity is also demonstrated by the other 
physicochemical analyses, such as redox titration and 
elemental analysis . 

10 

The compound according to the invention has a content 
of metal M at an oxidation state of greater than 2 
(II) , which is an impurity, for example a content of 
metal M(III), such as Fe(III), of less than 5% by 
15 weight, preferably of less than 1%. 

This high purity is fundamentally related to the 
specific characteristics of the process according to 
the invention. 

20 

The product according to the invention is generally 
present in the form of particles which may also be 
referred to as grains, the particles having, for 
example, the shape of cylinders, cubes or polyhedra. 

25 The size of these particles or grains is defined, 
according to their geometry, by their most 
characteristic or most representative dimension. Thus, 
for particles in the shape of a cylinder, the size will 
be defined by their diameter or their length. These 

3 0 combined particles can be defined as forming a powder. 

The particles of the compound according to the 
invention have, as has been seen, a variable size which 
is fully controlled by virtue of the adjustment of the 
3 5 cooling rate and/or of the profile of the latter. This 
size, for example the diameter in the case of 
cylindrical particles, is from 0.1 to 50 jj.m. 
B 14218.3 PA 



1st filing 
- 18 - 



Amended on 02/07/03 



The particles of the compounds according to the 
invention, as a result of the characteristics of the 
process, have a fully controlled morphology and are 
5 homogeneous, both with regard to their shape and with 
regard to their size. 

This means that, by a certain amount of particles, the 
particles which deviate from the mean desired shape are 
10 in a very low proportion, for example of less than 20%, 
preferably of less than 10%, by observation using an 
SEM. 

It may also be indicated that the particles according 
15 to the invention, in contrast to the particles prepared 
by the processes of the prior art (see, for example 
figure 1), do not exhibit agglomerates. 

The particles are also homogeneous as regards the size, 
20 that is to say that, if the distribution in the size of 
the grains obtained on conclusion of the process for a 
given synthesis is considered, the interval to the mean 
value of the size of the particles is generally less 
than 10%. 

25 

In addition, the invention relates to electrode active 
materials, in particular positive electrode active 
materials, comprising one or more compounds as 
described above . 

30 

In such electrode active materials, in particular 
positive electrode active materials, the compounds 
according to the invention can optionally be combined 
with one or more other active compounds (that is to 
3 5 say, other than the compounds of the invention) , such 
as conventional compounds, for example LiCo0 2 , LiNi0 2 , 
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manganese oxides, in particular with the spinel 
structure Lii +x Mn 2 -x0 4 (with 0 < x < 0.33), for example 
LiMn 2 0 4 , compounds of the family isotypic with olivine, 
such as L.i 1 _ x FeP0 4 , for example LiFeP0 4 , compounds with 
5 the Nasicon structure, the insertion materials for 
lithium of the orthosilicate type disclosed in the 
document US-A-6 085 015, and the materials disclosed in 
the document EP-A2-1 195 825. 

10 The invention relates in addition to a positive 
electrode comprising the active material as described 
above . 

In addition to the electrode active material proper, a 
15 positive electrode according to the invention generally 
comprises an electronic conductive material which is 
preferably carbon, in any form, such as carbon black, 
acetylene black, graphite or coke, and the like. 

20 The positive electrode additionally comprises a polymer 
binder . 

The the said polymer binder is generally chosen from 
f luoropolymers , elastomers and cellulose compounds. 

25 

The f luoropolymer can be chosen, for example, from 
polymers and copolymers of vinylidene fluoride and 
polymers and copolymers of tetraf luoroethylene . 

3 0 The positive electrode generally comprises from 75 to 

95% by weight of active material, from 2 to 15% by 

weight of conductive material and from 3 to 10% by 
weight of polymer binder. 

3 5 To prepare the positive electrode, the electrode active 
material, the conductive material and the polymer 



B 14218.3 PA 



1st filing 
- 20 - 



binder dissolved in a solvent are mixed. The mixture is 
applied, for example by coating, on a substrate made of 
a conductive material, for example made of aluminium, 
generally in the form of a sheet, and the substrate on 
5 which the mixture has been applied is dried by heating, 
optionally under vacuum. 

The invention relates in addition to a battery, such as 
a lithium battery, comprising the the said positive 
10 electrode. 

Such a battery generally comprises, in addition to the 
the said positive electrode, a negative electrode, a 
separator and an electrolyte. The negative electrode 
15 can be made of a material generally chosen from lithium 
metal, lithium alloys or carbon. Preferably, the 
negative electrode is based on Li 4 Ti 5 0 12 . 

The separator is generally made of a microporous 
2 0 polymer, such as polypropylene, or, and the like. 

Finally, the electrolyte comprises a solvent and a 
conductive salt; the solvent is generally chosen from 
ethylene carbonate, propylene carbonate, dimethyl 
25 carbonate, diethyl carbonate, ethyl methyl carbonate, 
y-butyro lac tone, sulfolane, di (Ci- 4 ) alkyl ethers of 
ethylene glycol or of polyethylene glycol, for example 
of diethylene glycol, triethylene glycol or 
tetraethylene glycol, and their mixtures. 

30 

A preferred solvent is a mixture of ethylene carbonate 
and of dimethyl carbonate. 

The conductive salt is generally chosen from lithium 
35 hexaf luorophosphate, LiPF 6/ LiAsF 6 , LiBF 4 , 

t r i f luorome thane sulphonat e , and their mixtures. 
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Finally, the invention relates to an electrochromic 
device comprising the compound according to the 
invention. 

5 In such an electrochromic device, the compound or a 
material comprising the compound according to the 
invention is often in the form of a deposit on a 
substrate, for example on glass. The passage of 
current, that is to say the insertion/removal of 
10 lithium, modifies the optical properties of the 
material, for example the colour of the latter. It is 
thus possible to obtain a window with a colour which 
varies. Otherwise, the operation is identical to that 
of the battery. 

15 

The invention will now be described with reference to 
the following examples, given by way of illustration 
and without limitation. 

20 Example 1 

In this example, according to the invention, the 
compound of formula LiFeP0 4 is prepared. 

25 The iron (III) nitrilotriacetic complex, recorded as 
FeNTA, is first of all synthesized by bringing to 
reflux, for 1 hour, an aqueous solution comprising 17 g 
of iron (III) sulphate, Fe 2 (S0 4 ) 3 , and 8 g of 
nitrilotriacetic acid, N(CH 2 C0 2 H) 3 . The iron (III) salt, 

30 initially insoluble, completely dissolves at 
approximately 6 0 °C (P = 1 atm) . At reflux, the complex 
with a bright yellow colour begins to appear. On 
cooling, the complex precipitates at the bottom of the 
reactor. Washing with cold water makes it possible to 

35 free it from the various reaction byproducts. The 
powder is subsequently dried in an oven at 3 0 °C 
overnight . 
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5 g of the preceding iron (III) complex are subsequently 
introduced into a Parr® 4 84 2 autoclave reactor with a 
0.0256 mol.l" 1 lithium hydrogenphosphate , Li 2 HP0 4/ 
5 solution (800 ml) . 

The reactor is subsequently hermetically sealed. The 
reaction medium is then brought to 20 0°C with stirring. 
The pressure in the autoclave is set by the steam (P/T 
10 state diagram of water) and reaches, at this set 
temperature, the value of 2 0 bar. After heating for 2 
hours, stirring is halted and the mixture is slowly 
cooled, either by inertia of the reactor (cooling time: 
12 hours) or w stepwise" . 

15 

When the reactor has returned to ambient temperature 
and to atmospheric pressure, the reactor can be opened 
and the powder recovered. The powder is subsequently 
washed with deionized water and dried under vacuum at 
:20 60°C. 

The X-ray diffraction diagram performed on the powder 
resulting from this synthesis shows, whatever the 
method of cooling used, linear by inertia or stepwise, 
25 an absence of subsidiary peaks. Specifically, all the 
lines can be indexed in the orthorhombic system of 
triphylite, LiFeP0 4 . 

The physicochemical analyses, namely the redox 
3 0 titration and the elemental analysis, and the 
morphological analyses, namely scanning electron 
microscopy SEM and particle sizing, of the synthesized 
material make it possible to establish that it is pure 
LiFeP0 4 . 

35 

This is because less than 1% of iron (III) is found with 
regard to all the iron present in the sample. 
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If the reactor is cooled by inertia from 220 °C to 
ambient temperature over 12 hours, the product obtained 
is present in the form of cylinders with a mean 
5 diameter of 2 0 ^m and with a mean length of 15 jam (see 
Figure 2) . 

If cooling is carried out stepwise by lowering the 
temperature by 50 °C every 3 0 minutes, the product 
10 obtained is present in the form of cubes with a mean 
edge of 15 \xm (see Figure 3) . 

By way of comparison, LiFeP0 4 prepared by the 
conventional all "solid" route, that is to say in which 
15 the solid precursors are heated at between 400°C and 
800 °C in the absence of any solvent, has an Fe 3+ content 
of greater than 5% and is composed of n non- homogeneous" 
particles which are not very homogeneous and which are 
agglomerated (see Figure 1) . 

20 

Example 2 

In this example, a battery is manufactured, the 
positive electrode of which comprises the compound 
25 according to the invention provided in Example 1. 

a) Preparation of the positive electrode 

The product obtained in Example 1 is mixed at 80% by 
3 0 weight with acetylene black (Super P, MMM Carbon, 
Belgium) (10%) and poly (vinylidene fluoride) (Solef 
6020, Solvay, Belgium) (10%) dissolved in 

N-methylpyrrolidone . The mixture is subsequently coated 
onto a sheet of aluminium and then dried at 6 0°C and 
3 5 then at 100 °C under vacuum. 



b) Manufacture of the battery 
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The positive electrode thus produced is introduced into 
a cell of format 2032 button battery type. The negative 
electrode is prepared in the same way but the active 
5 material is Li 4 Ti 5 Oi 2 - The separator is composed of a 
film of microporous polypropylene (Celgard® 3200, 
Aventis) . The electrolyte used is composed of ethylene 
carbonate, of dimethyl carbonate and of lithium 
hexaf luorophosphate ( LiPF 6 ) ( Electrolyte Select ipur 
10 LP3 0, Merck, Germany) . 

c) Test on the battery 

At 2 5 °C, the battery thus formed operates between 3V 
15 and 1 . 0V and makes possible the reversible 
extraction/insertion of lithium corresponding to 
approximately 100 mAh/g of positive active compound at 
a rate of C/2 (charging or discharging in 2 hours) . In 
other words, its specific capacity at C/2 is 100 mAh/g. 
20 By way of comparison, the same battery in which the 
positive electrode comprises LiFeP0 4 prepared by the 
u all solid" synthesis route exhibits a specific 
capacity at C/2 of 100 mAh/g. 

25 Table I 



Characteristics 
studied with regard 
to LiFeP0 4 


All solid 
synthesis route 


Process according 
to the invention 
(Example 1) 


% Fe 3+ in the 
sample 


> 5% 


< 1% 


Morphology 


Non- homogeneous 
particles 


Homogeneous 
particles 


Specific capacity 
at C/2 


50 mAh/g 


100 mAh/g 
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CLAIMS 



1. Process for the preparation of an insertion 
compound for an alkali metal in which the 

5 following successive stages are carried out: 

a) an organic complex of a transition metal or of 
a mixture of transition metals M in an 
oxidation state of greater than 2 is brought 
into contact with an alkali metal A in the 

10 ionic form and with an entity of formula 

H b (X0 4 ), where X is chosen from Si, S, Al, P, 
Ge, As or Mo and b has a value from 0 to 5, in 
a liquid medium in a closed chamber; the 
chamber is brought to a temperature T which 

15 makes possible the decomposition of the organic 

complex in the the said liquid medium; 

b) the temperature and the pressure in the chamber 
are brought back to ambient temperature and 
atmospheric pressure and the insertion compound 

2 0 for an alkali metal of formula AMX0 4/ in which M 

is in the +2 oxidation state, is recovered. 

2. Process according to Claim 1, in which the metal M 
is in an oxidation state of 3 to 5 , preferably in 

25 an oxidation state equal to 3. 

3 . Process according to either one of the preceding 
claims, in which M is chosen from transition 
metals, such as Mn, Fe, Ni, Co and their mixtures. 



30 



Process according to any one of the preceding 
claims, in which the alkali metal A is chosen from 
Li and Na. 



35 5. Process according to any one of the preceding 
claims, in which the alkali metal A in the ionic 
form is in the form of an alkali metal salt 
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AaH b (X0 4 ) where a has a value from 1 to 5 . 

6. Process according to any one of the preceding 
claims, in which X is P. 

5 

7. Process according to any one of Claims 4 to 6 , in 
which the alkali metal salt is Li 2 HP0 4 . 

8 . Process according to any one of the preceding 
10 claims, in which the organic complex comprises the 

metal M bonded to an organic ligand chosen from 
the compounds of formula: 

Ri N R_ 



in which at least one from R lf R 2 and R 3 comprises 
15 at least one oxygen atom. 

9. Process according to Claim 8, in which, in the 
organic ligand, Ri, R 2 and R 3 are chosen 
independently from carboxy (1-4C) alkyl radicals, 

2 0 such as carboxymethyl and carboxyethyl . 

10. Process according to Claim 9, in which the organic 
ligand is nitrilotriacetic acid N(CH 2 C0 2 H) 3 or 
ethylenedioxyethylenedinitriletetraacetic acid 

25 (EGTA) . 

11. Process according to any one of the preceding 
claims, in which the liquid medium, in stage a), 
is chosen from water; organic solvents, such as 

3 0 liquid alkanes, for example dodecane, or tributyl 

phosphate (TBP) ; and their mixtures. 

12. Process according to any one of the preceding 
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claims, in which, on conclusion of stage b) , the 
compound is washed and then dried, optionally 
under vacuum. 



10 



13. Process according to any one of the preceding 
claims, in which the organic complex is prepared 
in a stage prior to stage a) by bringing a salt of 
the metal M, in the oxidation state greater than 
2, into contact with an organic compound in a 
liquid medium. 

14. Process according to Claim 13, in which the 
organic compound is chosen from the compounds of 
formula : 



R3 

15 in which at least one from R lr R 2 and R 3 comprises 

at least one oxygen atom. 

15. Process according to Claim 14, in which, in the 
organic compound, R lf R 2 and R 3 are chosen 

20 independently from carboxy (1-4C) alkyl radicals, 

such as carboxymethyl and carboxyethyl . 

16. Process according to Claim 15, in which the 
organic compound is nitrilotriacetic acid 

25 N (CH 2 C0 2 H) 3 or ethylenedioxyethylenedinitrile- 

tetraacetic acid. 



17. Process according to any one of Claims 13 to 16, 
in which the salt of the metal M is chosen from 
3 0 nitrates, sulphates, chlorides, acetates, citrates 

or carboxylates of the metal M. 
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18. Process according to any one of Claims 13 to 17, 
in which the liquid medium is chosen from water; 
organic solvents, such as liquid alkanes, for 
5 example dodecane, or tributyl phosphate (TBP) ; and 

their mixtures. 



19. Insertion compound for an alkali metal of formula 
AM(X0 4 ) where A is chosen from alkali metals, X is 
chosen from Si, S, Al, P, Ge, As and Mo, and M is 

10 in the +2 oxidation state, characterized in that 

it exhibits a content of metal M as at oxidation 
state of greater than 2, for example of metal 
M(III) , of less than 5% by weight, preferably of 
less than 1% by weight. 

15 

20. Compound according to Claim 19, which is present 
in the form of particles or grains. 

21. Compound according to Claim 20, in which the 
20 particles have the shape of cylinders, cubes or 

polyhedra . 

22. Compound according to either one of Claims 20 and 
21, in which the particles exhibit a homogeneous, 

25 fully controlled morphology. 

23. Compound according to any one of Claims 20 to 22, 
in which the interval to the mean value of the 
size of the particles is less than 20%, preferably 

30 less than 1%. 



24. Electrode active material comprising one or more 
compounds according to any one of Claims 19 to 2 3 
or prepared by the process according to any one of 
35 Claims 1 to 18, optionally in combination with one 
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or more other active compounds, such as LiCo0 2 , 
LiNi0 2/ manganese oxides, in particular with the 
spinel structure Lii +x Mn 2 -x0 4 (with 0 < x < 0.33), 
for example LiMn 2 0 4/ compounds of the family 
isotypic with olivine, such as Lii_ x FeP0 4 , for 
example LiFeP0 4 , compounds with the Nasicon 
structure and the insertion materials for lithium 
of the orthosilicate type. 

5 . Positive electrode comprising the active material 
according to Claim 24 . 

6. Battery comprising the electrode according to 
Claim 25. 

7. Battery according to Claim 26, comprising a 
negative electrode based on Li 4 Ti 5 Oi 2 . 

8. Electrochromic device comprising the compound 
according to any one of Claims 19 to 23 or 
prepared by the process according to any one of 
Claims 1 to 18 . 
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SEM. 



It may also be indicated that the particles according 
15 to the invention, in contrast to the particles prepared 
by the processes of the prior art (see, for example 
figure 1), do not exhibit agglomerates. 

The particles are also homogeneous as regards the size, 
20 that is to say that, if the distribution in the size of 
the grains obtained on conclusion of the process for a 
given synthesis is considered, the interval to the mean 
value of the size of the particles is generally less 
than 10%. 

25 

In addition, the invention relates to electrode active 
materials, in particular positive electrode active 
materials, comprising one or more compounds as 
described above . 

30 

In such electrode active materials, in particular 
positive electrode active materials, the compounds 
according to the invention can optionally be combined 
with one or more other active compounds (that is to 
35 say, other than the compounds of the invention) , such 
as conventional compounds, for example LiCo02, LiNi0 2 , 
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manganese oxides, in particular with the spinel 
structure Lii + xMn 2 -x0 4 (with 0 < x < 0.33), for example 
LiMn 2 0 4 , compounds of the family isotypic with olivine, 
such as Lii- x FeP0 4 , for example LiFeP0 4 , compounds with 
the Nasicon structure, the insertion materials for 
lithium of the orthosilicate type disclosed in the 
document 7 



received on 02/07/03 
- 28 - 



10 



15 



20 



25 



30 



23. Compound according to any one of Claims 2 0 to 22, 
in which the interval to the mean value of the 
size of the particles is less than 20%, preferably 
less than 1%. 



35 



24 . Electrode active material comprising one or more 
compounds according to any one of Claims 19 to 23 
or prepared by the process according to any one of 
Claims 1 to 18 , optionally in combination with one 
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or more other active compounds, such as LiCo0 2 , 
LiNi0 2 , manganese oxides, in particular with the 
spinel structure Lii +x Mn 2 -x0 4 (with 0 < x < 0.33), 
for example LiMn 2 0 4/ compounds of the family 
isotypic with olivine, such as Lii_ x FeP0 4 , for 
example LiFeP0 4 , compounds with the Nasicon 
structure and the insertion materials for lithium 
of the orthosilicate type. 

Positive electrode comprising the active material 
according to Claim 24 . 

Battery comprising the electrode according to 
Claim 25. 

Battery according to Claim 26, comprising a 
negative electrode based on Li 4 Ti 5 Oi 2 . 

Electrochromic device comprising the compound 

according to any one of Claims 19 to 23 or 

prepared by the process according to any one of 
Claims 1 to 18. 
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